Cytosolic ascorbate peroxidases (cAPXs) of soybean have been found by proteome analysis to be downregulated in submerged seedlings. To elucidate the physiological meaning of this downregulation, soybean cAPXs were characterized in this study. Vigorous synthesis was detected in germinating seeds and seedlings. Expression of the corresponding genes was detected clearly in tissues that actively underwent cell division. The gene expression was suppressed by flooding stress, but not by salinity, cold or drought stress. The expression recovered 1 d after release from flooding stress, accompanied by growth resurgence.
In Japan, more than 80% of soybeans (Glycine max L. Merr.) are cultivated in fields converted from paddy fields. During the rainy season, from June to the middle of July, soybean seedlings are sometimes damaged due to submergence (flooding injury) in fields with poor drainage. It is important to attenuate flooding injury of seedlings to improve the productivity of soybean cultivation. We have been studying the physiological responses of early-stage soybean seedlings to flooding stress. Based on our proteome analyses, cytosolic ascorbate peroxidase (cAPX, EC 1.11.1.11), GmAPX2 (Glyma12g07780), a hydrogen peroxide-scavenging enzyme, was downregulated after 3 d of submergence of 2-d-old soybeans. 1) In addition, another cAPX of soybean, GmAPX1, Glyma11g15680, which has an amino acid sequence about 95% identical to GmAPX2, was downregulated after 1 d of submergence. 2) cAPX reduces hydrogen peroxide with ascorbate as electron donor in the cytosol, resulting in an attenuation of oxidative stress.
3) It has been reported that cAPX expression is induced by various stresses, including heat, [4] [5] [6] [7] [8] strong light, 6, 9, 10) cold, 7, 11, 12) salinity, 7, 12) and drought. 4, 12, 13) Overexpression of cAPX conferred tolerance of salinity, 12, 14, 15) drought, 12) and cold 12, 16) on plants. Furthermore, cAPX deficient mutants and transgenic plants have been reported to exhibit suppressed growth and development 6, 12, 13) and reduced stress tolerance, 12, 17) although cAPX deficiency sometimes conferred enhanced tolerance of environmental stresses, probably by activating redundant mechanisms. 13, 17, 18) This indicates that cAPX plays important roles in plant growth and stress defense. To elucidate the physiological meaning of the downregulation of soybean cAPXs in submerged seedlings, we dissected GmAPX1 and 2 in this study.
Materials and Methods
Plant materials. Soybeans (cv. Enrei) were grown at 25 C under a 14/10 h light/dark regime at 80 mmol s À1 m À2 light intensity for germinating seeds and seedlings, and at 300 mmol s À1 m À2 light intensity for older plants. By way of flooding treatment, 2-d-old soybean seedlings germinated in sand were submerged at 25 C under a 14/10 h light/dark regime at 80 mmol s À1 m À2 light intensity. By way of salinity treatment, seedlings were subjected to 250 mM NaCl. By way of cold treatment, seedlings were subjected to 4 C. By way of drought treatment, irrigation was omitted. Seedlings and various organs were collected, flash-frozen in liquid nitrogen, and stored at À80 C until analysis. Alternatively, seedlings were fixed in paraformaldehyde after sampling for in situ hybridization.
Gene expression analyses. Total RNA was isolated from seedlings or hypocotyl and roots by the use of an RNeasy Plant Mini Kit (Qiagen, Germantown, MD). Total RNA was subjected to reverse transcription (RT) with an iScriptÔ cDNA Synthesis Kit (Bio-Rad, Hercules, CA). The resulting cDNA was subjected to PCR or quantitative PCR analysis. Primer sets specific to GmAPX1 (primer 1, 5 0 -AACCTTTGA-CAAGGGCACGAA-3 0 and primer 2, 5 0 -TAGAGCAACGATATCTT-GGTCAG-3 0 ) and GmAPX2 (primer 3, 5 0 -AACTTACGACGTGAGC-TCGAA-3 0 and primer 4, 5 0 -CAGAGCAACGATATCTCGGTCAC-3 0 ), with 18S rRNA (primer 5, 5 0 -TGATTAACAGGGACAGTCGG-3 0 and primer 6, 5 0 -ACGGTATCTGATCGTCTTCG-3 0 ) as control, were used.
SDS-PAGE and immunoblot analyses. Total protein was extracted from cotyledons or hypocotyls and roots of mature dry seeds, germinating seeds, and seedlings by SDS sample buffer (62 mM Tris-HCl at pH 6.8, 2.5% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and 0.02 mM leupeptin). The protein concentration was estimated with a Protein Assay kit (BioRad), with bovine serum albumin as standard. The extracted protein was applied to SDS-PAGE and Western blotting with a polyclonal antibody raised against recombinant His-tagged GmAPX2. The intensity of the cAPX band on Western blot was measured by densitometry with ImageJ (http://rsbweb.nih.gov/ij/).
In situ hybridization. In situ hybridization was done by the method of Chiba et al. 19) Three-d-old soybean seedlings grown without and with flooding treatment were fixed with 4% paraformaldehyde, embedded in paraffin, and cut into sections. A digoxigenin-labeled RNA probe was used for hybridization, and signals were visualized by an nitro-blue tetrazolium chloride/5-bromo-4-chloro-3 0 -indolylphosphatase system. The 120-nt probe sequence designed to GmAPX2 was 5 0 -ctcggtcactaagccccatagctttgccaaacacatctctcaaatggtcagaacccttagtggcatcgggcaagcgaccctctggtggtggctcaggtttgtcctctcttccaggatgga-3 0 .
Results and Discussion
Synthesis of GmAPX1 and 2 during germination and seedling growth
The expression of GmAPX1 and 2 has not been examined in detail. To determine the expression characteristics of GmAPX1 and 2, total RNA prepared from various organs of soybean plants, including developing seeds in various maturation stages, germinating seeds, and seedlings, was subjected to RT-PCR. Expression of both GmAPX1 and 2 was detected in the roots, stems, leaves, flowers, and pods, and slight expression was in developing seeds ( Fig. 1A ), but not in the mature dry seeds (Fig. 1B , Ds). In addition, no expression of GmAPX1 or 2 was detected immediately after sowing, but it was detected 24 h after sowing (Fig. 1B) . To determine the characteristics of GmAPX1 and 2 synthesis, total protein extracted from cotyledons or hypocotyls and roots of mature dry seeds (Ds), germinating seeds (1-d-old), and seedlings (2 to 4-d-old) was applied to SDS-PAGE and Western blotting with a polyclonal antibody raised against recombinant Histagged GmAPX2 (Fig. 1C ). This antibody binds to both GmAPX1 and 2, since their amino acid sequences are about 95% identical to each other. Neither GmAPX1 nor 2 was detected in the mature dry seeds, but their levels increased gradually in the hypocotyls and roots and the cotyledons concurrently with germination and seedling growth, as indicated also by degradation of seed storage proteins -conglycinin and glycinin, which are known to be degraded during germination and seedling growth. 20) These results indicate that GmAPX1 and 2 are synthesized during germination and seedling growth, similarly to the cAPXs of other plants such as Japanese radish 21) and rice. 22) APX activity has been reported to increase significantly in soybean hypocotyls and roots when germination is complete, with a marked increase in oxygen uptake associated with radicle protrusion. 23) In addition, hydrogen peroxide is generated in hypocotyls and roots during germination. 24, 25) GmAPX1 and 2 synthesized at this stage contribute to an increase in APX activity in soybean hypocotyls and roots, and these enzymes appear to adjust the hydrogen peroxide concentration with other hydrogen peroxide-scavenging enzymes such as catalase. Two-d-old soybean seedlings were submerged for 6-24 h. Total RNA prepared from whole seedlings was subjected to RT-PCR. As control, total RNA prepared from seedlings grown without flooding treatment for the same periods was also subjected to RT-PCR.
Spatial expression of GmAPX1 and 2 in soybean seedlings
To gain insight into the functions of GmAPX1 and 2, the spatial expression patterns of GmAPX1 and 2 were examined by in situ hybridization (Fig. 2) . The probe used in this analysis targets both GmAPX1 and 2, since about 97% of the nucleotide sequences of the corresponding regions are identical to each other. In the seedlings, GmAPX1 and 2 were expressed widely in the cotyledons, hypocotyls, and roots. In particular, they were strongly expressed in the vascular bundle sheath, epidermis, and hypodermis in the cotyledons, which might be photosynthetic tissues in early stage seedlings, 26) and in the endodermis and epidermis of the hypocotyls. In the roots, expression of GmAPX1 and 2 was intense in the pericycle, lateral root primordia, and root apices. Gadea et al. 27) have reported prominent activity of the tomato cAPX promoter in lateral root primordia and apical meristems in transgenic tobacco seedlings based on a reporter gene (-glucuronidase) assay. They speculated that cAPX is expressed in tissues that are subjected to a variety of continuous mechanical stresses, such as the root apex growing through compacted soil, but, it is also possible that cAPX is expressed in tissues that actively undergo cell division.
Downregulation of GmAPX1 and 2 expression in submerged seedlings
In our previous proteome analysis, 2) GmAPX1 and 2 were detected as downregulated proteins due to flooding stress. To determine whether the expression of GmAPX1 and 2 genes is also downregulated by flooding stress, 2-d-old soybean seedlings germinated in sand were submerged for 6-24 h (flooding treatment), and the expression levels in the submerged seedlings were analyzed. The expression of GmAPX1 and 2 was downregulated (Fig. 1D) , and this was accompanied by downregulation of cAPX (Fig. 1C) . It has also been reported that the expression of cAPXs of rice (Os03g17690 and Os07g49400) is downregulated in embryos subjected to 6 h of anaerobic treatment after 24 h of aerobic germination, 28) but, the expression levels of cAPXs in coleoptiles of anaerobically germinated 4-dold rice 29) and in Arabidopsis seedlings (At1g07890, At3g09640) under hypoxia 30) have been reported to be comparable to those in aerobic samples. Thus downregulation of cAPX expression under hypoxia as under submerged conditions is not unique to soybean seedlings, though, it is not common among tissues or species.
The spatial expression patterns of GmAPX1 and 2 in submerged seedlings were examined (Fig. 2) . Two-dold soybeans were submerged for 1 d and then handled as described above. In the cotyledons, downregulation of GmAPX1 and 2 in the vascular bundle sheath, the hypodermis, and the epidermis was prominent. Considering that cAPX is required for hydrogen peroxide removal during photosynthesis, 31) this might have been caused by low photosynthetic activity under the submerged condition, since the cotyledons of the submerged seedlings, which did not emerge from the sand, did not receive enough light. In the roots, no lateral root primordia were observed, indicating that lateral root formation stopped during submergence. In the hypocotyls, no change in the spatial expression pattern was observed, suggesting that the expression of GmAPX1 and 2 was evenly downregulated in every tissue of the hypocotyls.
Expression of GmAPX1 and 2 under various abiotic stress conditions
To elucidate further the characteristics of GmAPX1 and 2 expression, their responses to flooding, salt, cold, and drought stress were analyzed by qRT-PCR (Fig. 3A) . In response to flooding, the expression of GmAPX1 and of 2 decreased by about 80% and 90% respectively as compared to normal conditions. Such strong suppression was not seen following the other stresses. Given that GmAPX1 and 2 are expressed in tissues that actively undergo cell division, such as the lateral root primordia (Fig. 2) , it is possible that the downregulation of GmAPX1 and 2 expression is associated with growth arrest by flooding stress, which is one of characteristics of submerged soybean seedlings. 2, 32, 33) Recovery of GmAPX1 and 2 expression after release from flooding stress An increase in antioxidative reactions after re-aeration following hypoxic conditions has been reported for roots of wheat 34) and lupine 35, 36) seedlings. Hence, we examined the expression of GmAPX1 and 2 after drainage of floodwater. Two-d-old soybean seedlings were submerged for 1 d, the water was drained off, and the seedlings were allowed to recover for another day (Fig. 3B) . During the recovery phase, the cotyledons turned from yellow to green, since they emerged on or The expression sites of GmAPX1 and 2 in 3-d-old seedlings grown without and with flooding treatment were examined by in situ hybridization with a GmAPX2 cRNA probe. For flooding treatment, 2-d-old seedlings were submerged for 1 d. As negative control RNA probe, the lambda phage sequence (LNE) was used. Hematoxylin and eosin (HE) staining was done to visualize the structures of the tissues. Scale bars indicate 2 mm. v, vascular bundle sheath; ep, epidermis; h, hypodermis; en, endodermis; p, pericycle; lp, lateral root primordium.
came closer to the surface of the sand due to the growth of the hypocotyls, resulting in exposure to light. The expression of GmAPX1 and 2 drastically decreased 1 d after submergence, but, 1 d after drainage of the water, expression recovered to a level comparable to that of the untreated seedlings (Fig. 3C) . The expression level in the recovered seedlings was not excessive compared to that in the untreated ones. This indicates that suppression of GmAPX1 and 2 is limited to the time during submergence, and that expression recovers to normal after release from flooding stress. In our previous study, upregulation of GmAdh2, a gene encoding one of the key enzymes of anaerobic respiration, was also limited to the time during submergence, and the expression of GmAdh2 returned to a level comparable to that of untreated seedlings 1 d after drainage.
37) The response to flooding stress, therefore, appears to be reversible unless exposure to the stress is prolonged, although we must examine the expression profiles of other soybean genes after drainage of water to conclude this definitively.
Possible reasons for the downregulation of GmAPX1 and 2 in submerged seedlings
As indicated by our previous studies, one of characteristics of soybean seedlings under submerged conditions is that they stop growing. 2, 32, 33, 38) Seedlings resume growing after drainage of floodwater, unless the duration of submergence is prolonged.
39) It would appear that the transient abortion of growth functions to save energy and promotes survival by anaerobic respiration, 33) in analogy with submergence-tolerant Sub1 rice, which can survive transient flooding by a quiescence strategy. 40) During submergence, expression of the genes encoding GmAPX1 and 2, which are assumed to play crucial roles by adjusting cellular hydrogen peroxide levels in growing seedlings as well as cAPXs in Arabidopsis 6) and rice, 12, 13) is downregulated concurrently with temporal abortion of growth. Considering that the expression of cAPXs in several plants has been reported to be responsive to cellular hydrogen peroxide levels, 4, 9, 10, 13) it is possible that the expression of GmAPX1 and 2 is downregulated due to low levels of cellular hydrogen A, Expression patterns of GmAPX1 and GmAPX2 under flooding stress and other abiotic stresses. Two-d-old soybean seedlings were subjected to flooding, salinity (250 mM NaCl), cold (4 C) or drought (without watering) stress for 1 d. Total RNA extracted from the roots and hypocotyls was subjected to qRT-PCR analysis. Data were normalized by the corresponding amount of 18S rRNA, and were expressed as ratios relative to normally grown (Control) seedlings. Data are means AE SD for triplicate samples. Bars with different letters of the same case differ significantly from each other (Tukey's HSD test, p < 0:05). B, Morphology of submerged and recovered seedlings. Two-d-old soybean seedlings were submerged for 1 d (left panel), and then grown for 1 d after drainage of the water used for flooding treatment (right panel). Normally grown seedlings of the same age are shown on the left sides of the panels. cot, cotyledon; hyp, hypocotyl. Scale bars indicate 1 cm. C, Expression analyses of GmAPX1 and GmAPX2 in submerged and recovered seedlings. Total RNA extracted from the roots and hypocotyls was subjected to qRT-PCR analysis. The relative expression of GmAPX1 and GmAPX2 in normally grown seedlings is represented by white bars, and that in seedlings submerged for 1 d (3 d after sowing) and then grown for 1 d after drainage (4 d after sowing) is represented by gray bars. Data were normalized by the corresponding amount of 18S rRNA, and were expressed as ratios relative to 3-d-old seedlings grown without submergence. Data are means AE SD for triplicate samples.
ÃÃ Significantly different (p < 0:01, Student's t-test) from the expression of normally grown seedlings of the same age.
peroxide in submerged seedlings. The generation of hydrogen peroxide should decrease in the tissues of quiescent seedlings with limited amount of oxygen available under submerged conditions, although it has not yet been confirmed. It is also possible that the suppression of GmAPX1 and 2 is regulated by transcription regulators or phytohormones that control quiescence, independently of cellular hydrogen peroxide levels. Information on hydrogen peroxide levels in various tissues under aerobic and submerged conditions should be helpful to confirm these possibilities and promote a better understanding of hypoxia responses of soybean seedlings.
